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PREFACE 


This  report  documents  work  done  on  a  follow-on  study  to  USAFETAC  Project  #900707,  which  was  in 
response  to  a  support  assistance  request  from  the  4ih  Weather  Wing  (4WW/DNC)  for  the  climatological 
probability  of  cloud-free  line-of-sight  at  certain  existing  or  potential  solar  optical  sites.  The  requester 
needed  the  data  for  use  in  a  study  that  would  detennine  the  optimum  configuration  of  the  AWS  Solar 
Observation  network. 

The  study  compares  the  probability  of  "sunny  line-of-sight"  (SLOS-cloud-free  line-of-sight  from  a 
ground  observer  to  the  Sun)  at  the  Palehua  solar  optical  site  (elevation  about  1 ,700  feet)  with  that  at 
Barbers  Point  Naval  Air  Station  (elevation  34  feet),  about  5  miles  southeast. 

Real-Time  Ncphanalysis  (RTNEPH)  data  was  of  no  value  here  because  both  locations  are  in  the  same 
RTNEPH  grid  box.  Surface  observations  are  available  from  Barbers  Point,  hut  not  from  Palehua. 
Therefore,  simulated  Barbers  Point  SLOS  probabilities  were  compared  to  Palehua  SLOS  probabilities 
estimated  from  Palehua  status  reports.  The  study  concluded  that  SLOS  probabilities  at  Palehua  are 
typically  about  10  percent  lower  than  tho.se  at  Barbers  Point.  The  results  also  suggest  that  the  Stanford 
Research  Institute  technique  for  relating  fractional  .sky-cover  and  viewing  angle  to  CFLOS  probability 
(described  by  Malick,  et  al.,  1979)  is  valid  for  use  in  Hawaii. 

Project  analyst  was  Capl  Anthony  J.  Warren,  USAFETAC/DNY,  who  wishes  to  thank  Capi  John  A. 
Rupp,  formerly  of  USAFETAC/DNY,  for  writing  the  program  for  the  simulation  model.  He  also  thanks 
Capt  Mary  L.  Hart,  USAFETAC/DNE,  who  analyzed  the  Palehua  optical  site’s  status  reports. 
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Figure  1.  Palehua  Soiar  Observatory  location  relative  to  Barber’s  Point  NAS. 
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INTRODUCTION 


1.1  Cloud-Free  Une-of-SIght  ProbabllHIes. 

USAFETAC  is  often  tasked  to  produce  cloud-free 
line-of-sight  (CFLOS)  probabilities  for  use  in 
evaluating  the  effects  of  clouds  on  surface-based 
viewing  systems.  Since  CFLOS  is  not  a  weather 
observation  variable,  it  must  be  inferred  by 
combining  conventional  cloud  observations  with 
sensor-to-target  slant-path  geometry.  A  technique 
developed  at  the  Stanford  Research  Institute  (SRI) 
for  relating  fractional  cloud-cover  and  viewing 
angle  to  CFLOS  probability  is  described  by  Malick 
et  al.  (1979).  The  SRI  technique  is  a  refinement 
of  an  earlier  one  developed  by  Lund  and  Shanklin 
(1973).  The  SRI  algorithms  are  based  on  a  whole 
sky  photograph  dataset  collected  at  Columbia, 
Missouri  (Lund  and  Grantham,  198U).  One 
drawback  to  this  method  for  computing  CFLOS 
statistics  is  that  very  little  data  is  available  from 
other  locations.  How  well  the  SRI  model  performs 
in  regions  where  the  cloud  climatology  differs  from 
Columbia,  Missouri,  is  not  well-known. 

1.2  CFLOS  atPalehua,  Hawaii.  USAFETAC 
was  tasked  to  provide  the  monthly  climatological 
probability  of  CFLOS  at  the  Palchua,  Hawaii,  solar 


observatory.  Surface-based  cloud-cover  statistics 
arc  not  available  for  Palchua,  but  weather 
observations  are  made  routinely  at  Barbers  Point 
NAS,  about  5  miles  to  the  southeast.  See  Figure  I, 
opposite.  We  computed  probabilities  from  a  17- 
ycar  period  of  record  (POR)  of  Barbers  Point 
surface  observations.  There  was  no  technique  for 
adjusting  the  elevation  difference  between  Palchua 
(about  1,700  feet  MSL),  and  Barbers  Point  (.34  feet 
MSL). 

1.3  Observed  versus  Simulated  CFLOS 
Probabilities.  To  compare  CFLOS  probubiities 
between  the  two  sites  we  computed  the  frequency 
of  a  sunny  line-of-sight  from  data  collected  at  the 
solar  observatory  site.  "Sunny  line-of-sight"  (or 
"SLOS")  is  simply  a  CFLOS  between  an  observer 
and  the  Sun.  Theoretical  SLOS  probabilities  were 
then  derived  from  the  Barbers  Point  data.  Because 
of  its  higher  elevation,  Palchua  is  likely  to  see 
more  cloud-cover  than  Barbers  Point,  especially 
during  the  afternoon.  Despite  this  difference,  the 
theoretical  and  observed  SLOS  probabilities  show 
a  high  degree  of  consistency,  suggesting  that  the 
SRI  model  is  valid  for  Hawaii. 
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2.  CFLOS  ALGORtTHM 

2.1  The  Stanford  Research  Institute  (SRI) 
Model.  Using  a  whole-sky  photograph  dataset 
from  Columbia,  MO,  Lund  and  Shanklin  (1973) 
derived  a  matrix  for  determining  CFLOS 
probability  from  viewing  angle  (d)  and  observed 
mean  cloud  cover  (S).  The  viewing  geometry  is 
shown  in  Figure  2.  For  a  fixed  value  of  mean 
cloud-cover,  the  integration  of  CFLOS 
probabilities,  P{d),  over  the  entire  sky  dome 
should  equal  the  complement  of  the  mean  cloud- 
cover: 


S  = 


2n 


0 


(i) 


where  Q  represents  the  solid  angle  of  the  sky 
dome.  The  Lund  and  Shanklin  model  does  not 
conform  to  this  relationship,  presumably  due  to 
observer  bias  in  reporting  cloud-cover.  Malick  et 
al.  (1979),  using  basic  assumptions  of  cloud 
geometry,  derived  an  analytical  model  for 
computing  CFLbS  probabilities.  Equations  2 
through  4  form  the  Stanford  Research  Institute 
(SRI)  CFLOS  model.  For  cloud  cover  (5),  the 
probability  of  CFLOS  when  looking  straight  up 
(P„)  is  given  by 

/>  =  1  -  (2) 

"  4 

For  CFLOS  probabilities  at  non-zero  zenith 
angles,  the  sides  of  clouds  (not  just  their  bases) 
obscure  the  surface  view.  Malick  el  al.,  assumed 
that  the  average  cloud  heighl-to-width  ratio  (h) 
followed  the  relation: 

b  =  0.55  -  -  (3) 
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Equation  4  is  then  used  to  obtain  the  off-zenith 
CFLOS  probabilities,  P(dy. 

PiQ)  =  (4) 


Figure  2.  Viewing  geometry  in  cloud-free 
line-of-sight  calculations. 


2.2  Cloud-Cover  Frequency  Distribution.  The 

doud-coverfrequcncydistribution  is  obtained  from 
a  statistical  distribution  known  as  the  "Burger 
Aerial  Algorithm"  (Burger,  1985).  This  two- 
parameter  distribution  (mean  cloud-cover  and  sky- 
dome  scale  distance)  is  required  because  many 
locations,  particularly  in  the  U.S.,  do  not  report 
cloud-cover  in  tenths.  Where  airways  code  is  used, 
cloud-cover  is  reported  only  as  dear,  scattered, 
broken,  or  overcast.  The  Burger  algorithm  can  use 
whatever  intervals  arc  available  to  obtain  the 
distribution  parameters,  and  from  this  the  relative 
frequency  (in  tenths)  of  cloud-cover  can  be 
inferred.  This  is  then  used  to  determine  the 
relative  frequency  of  eleven  categories  of  cloud- 
cover  given  in  Figure  3. 
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Category 

Cloud-Cover 

Mean 

Number 

Range 

Value 

1 

0.00  - 

0.05 

0.025 

2 

0.06  - 

0.15 

0.100 

3 

0.16  - 

0.25 

0.200 

4 

0.26  - 

0.35 

0.300 

5 

0.36  - 

0.45 

0.400 

6 

0.46  - 

0.55 

0.500 

7 

0.56  - 

0.35 

0.600 

8 

0.66  - 

0.75 

0.700 

9 

0.76  - 

0.85 

0.800 

10 

0.86  - 

0.95 

0.900 

11 

0.96  - 

1.00 

0.975 

Figure  3.  Eleven  categories  of  cloud-cover  calculated 
using  the  Burger  Aerial  Algorithm. 


2.2.1  Data  for  Barbers  Point  NAS,  Hawaii.  As 

an  example  of  this  technique,  consider  the  (K)Z 
January  cloud  cover  for  Barbers  Point.  The  Naval 
weather  station  reports  cloud  cover  in  airways 
code.  The  relative  frequency  distribution  of  these 
categories  is:  clear,  0.8%;  scattered,  57.8%; 
broken,  30.6% ;  and  overcast,  10.8%  .  The  Burger 


algorithm  parameters  for  this  distribution  are: 
mean  cloud  cover,  0.426;  sky-dome  scale  distance, 
0.967  km.  The  cloud-cover  frequency  distribution 
corresponding  to  these  parameters  is  shown  in 
Figure  4. 


Hawaii. 


4 


2.4  Sunny  Line-of-Sight  Probability.  The 

probability  of  SLOS  (P,)  is  obtained  from  CFLOS 
probabilities  by  integrating  over  time: 

h 

P,  =  fp  10(0^(01  dt 


where  P{Q^)  is  the  CFLOS  probability  for  zenith 
angle  0  and  cloud-eover  .v;  0(/)  is  the  solar  zenith 
angle  at  time  /;  s(i)  is  the  mean  cloud-cover  at 
time  /;  /,  is  the  lime  of  sunrise  and  /,  the  lime  of 
sunset.  After  obtaining  hourly  CFLOS 
probabilities  as  a  function  of  zenith  angle,  equation 
6  was  used  to  estimate  the  monthly  SLOS 
probability  at  Barbers  Point.  These  simulated 
values  are  shown  in  Figure  5.  The  cumulative 
distribution  of  mean  monthly  SLOS  probability 
(from  PTROL  data)  at  Palehua  is  also  shown. 


Figure  5.  Comparison  of  sunny  line-of-sight  calculations  from  the  simulation  model  and 
Palehua  PTROL  data. 


2.3  Climatological  Probability  of  CFLOS.  The 

CFLOS  relationships  discussed  earlier  are  now 
used  to  compute  the  climatological  probability  of 
CFLOS  as  a  function  of  viewing  angle  at  a  given 
location,  ^^(0)-  Th*s  is  June  with  a  weighted 
average  sum  of  the  relative  frequency  of  each 
cloud-eover  interval  (f)  multiplied  by  its 
corresponding  CFLOS  probability  /’i(0)  (obtained 
from  equation  4): 

11 

i=l 

Refer  again  to  Figure  ^  for  the  1 1  class  intervals  of 
cloud  cover. 
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2.5  Palehua  Sunny  Line-of-Sight  Data.  Finally, 
we  compared  the  SLOS  probabilities  estimated  for 
Barbers  Point  with  those  calculated  for  Palehua 
using  the  Palehua  solar  optical  site  status  reports 
(PTROL  data).  This  database  is  made  up  of  at 
least  one  observational  status  report  a  day, 
including  the  start  time  of  the  observation,  reason 
for  start  delay,  end  time,  and  reason  for  ending  the 
t)bservation.  There  are  seven  different  reasons  for 
starting  or  ending  an  observation:  weather, 
etjiiipmenl  failure,  rtiaintenance,  obstruction,  power 
failure,  miscellaneous,  and  not  available  (or 
unknown).  The  weather  category  includes  such 
phenomena  as  thunderstorms,  blowing  .sand,  and 
clouds.  Every  time  a  solar  observation  is 
interrupted,  a  status  report  is  made.  A  5-year 


period  of  record  (January  1986  through  February 
1991)  was  used  for  this  study.  The  database  was 
too  large  for  record-by-record  quality  control,  but 
records  that  produced  extreme  values  were 
reviewed,  and  some  were  deleted.  From  this  data, 
the  monthly  SLOS  probability,  P^,  is  obtained 
from: 


where  m  is  the  total  number  of  hours  the  solar 
telescope  was  non-operalional  on  account  of 
weather,  and  T  is  the  total  number  of  available 
hours  (equal  to  m  plus  the  number  of  hours  for 
the  month  in  which  the  telescope  was  operational). 


3.  INTERPRETATION  OF  RESULTS 


3.1  Comparison  of  Data.  Fur  all  12  months,  the 
computed  SLOS  probabilities  derived  from  the 
PTROL  data  were  higher  than  the  values 
estimated  from  surface  observations.  The 
difference  is  about  10  percent,  but  somewhat 
smaller  during  the  winter.  The  fact  that  SLOS 
probabilities  at  Barbers  Point  are  higher  than  at 
Palehua  is  consistent  with  expectation. 
Interestingly,  the  two  curves  show  nearly  identical 
seasonal  trends. 

3.2  Problems  with  the  PTROL  data.  The 

assumptions  in  Section  2.5  about  how  SLOS 
probabilities  were  obtained  from  PTROL  data 
should  result  in  these  probabilities  being  lower 
than  their  true  values.  The  limes  in  which  the 
telescope  is  not  operating  on  account  of  weather 


arc  not  solely  due  to  an  obstructed  line-of-sight. 
We  believe,  however  that  Iinc-uf-.s4ght  obstructions 
arc  responsible  fur  most  cases.  The  remaining 
cases  should  total  no  mure  than  a  few  percent. 
This  effect  would  serve  to  slightly  lessen  the 
differences  in  the  two  curves  shown  in  Figure  5. 

3.3  Conclusions.  Despite  the  limitations 
discussed,  the  data  in  Figure  5  shows  good 
agreement,  especially  with  regard  to  .sea.sonal 
trends.  It  appears  that  SLOS  probabilities  at 
Palehua  arc  typically  about  10  percent  lower  than 
those  at  Barbers  Point.  This  is  to  be  expected  due 
to  geographical  differences.  We  conclude  that  the 
SRI  CFLOS  model  provides  realistic  estimates  of 
CFLOS  probabilities  at  Barbers  Point  and  that  its 
use  in  tropical  climates  is  justified. 
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GLOSSARY 


CFLOS 

Cloud-Free  iine-of-sight 

MSL 

Mean  sea  level 

NAS 

Naval  Air  Station 

FOR 

Period  of  record 

PTROL 

Solar  optical  sites  status  reports 

SLOS 

Sunny  line-of-sight 

SRI 

Stanford  Research  Institute 

USAFETAC  USAF  Environmental  Technical  Applications  Center 
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OL-I.  HQ  AWS.  Ft  Monroe,  V A  2365 1  -5000  . 

AFGWC/DO/SY,  MBB39  106  Peacekeeper  Dr  Ste  2N3  Offutt  AFB.  NE  68113-4039 


AFGWC/SYSE  MBB39  106  Peacekeeper  Dr  Ste  2N3  Offutt  AFB.  NE  681 134039  . 3 

USAFETAC,  Scott  AFB.  IL  62225-5438  . 5 


PACAF/DOW,  Hickam  AFB,  HI  96853-5000  . 1 

USAFE/WE,  Unit  3050.  Box  15.  APO  AE  09094-5000  . I 

7WS/DON,  APO  AE  09403-5(KX)  . 1 

HQ  SAC  DOW.  901  SAC  Blvd,  Ste  M138.  Offutt  AFB.  NE  681 13-5340  . 1 

1 5 AF/IX)W.  March  AFB.  CA  925 1 8-5000  . 1 

ATC/DOTW.'Randolph  AFB.  TX  78150-5000 . 1 

8AF/DOW.  Barksdale  AFB.  LA  7 1 1 10-5002  . 1 

2AF/DOW,  Beale  AFB,  CA  95903-5000  . 1 

SPACECOM/DOW.  Peterson  AFB,  CO  809 1 4-5000  . 1 

AFMC/DOW,  Wright-Patterson  AFB.  OH  45433-5000  . 1 

AFSC/D(X).  Peterson  AFB,  CO  80914-5000  . 2 

TAC/DOW,  Langley  AFB,  Va  23665-5000  . 1 

9 AF/WE.  Shaw  AFB.  SC  29 1 52-5000  . I 

5WS/DON,  Ft  McPherson,  GA  30330-5000  . 1 

12AF/WE.  Bergstrom  AFB,  TX  78743-5000  . 1 

MAC/XOW.  Scott  AFB.  IL  62225-5(8)8  . 1 

438MAW/WXF,  McGuire  AFB,  Ni  08641  -5002  . 1 

60MAW/WXF.  Travis  AFB,  CA  94535-5986  . 1 

ASD/WE,  Wright-Patterson  AFB,  OH  45499-5000  . 1 

WL/WE.  Wright-Patterson  AFB,  OH  45499-5000  . 1 

FTC/TAW,  Wright-Patterson  AFB.  OH  45433-6508  . 1 

ESD/WE,  Hanscom  AFB.  MA  01731-5000  . I 

WL/MN/WE.  Eglin  AFB.  FL  32542-5(88)  . 1 

AFDTC/WE.  Eglin  AFB.  FL  32543-5000  . I 

OL-AC/  PL.  Edwards  AFB,  CA  93523-5000  . 1 

AFFTC/WE.  Edwards  AFB.  CA  93523-5000  . 1 

SSD/WE,  Los  Angeles  AFB,  CA  90009-2960  . 1 

BMO/WE.  Norton  AFB,  CA  92409-6468  . 1 

6585TO/WE,  Holloman  AFB,  NM  88330-5000  . 1 

PL/WE.  Kirtland  AFB.  NM  871 17-6000  . 1 

AFOTEC/WE/Kirtland  AFB,  NM  87117-6000  . 1 

RUWE,  Griffiss  AFB.  NY  1 3440-5700  . 1 

OL-AW.  SSD,  Johnson  Space  Center,  Houston.  TX  77058-5(88)  . 1 

OL-A,  Det  6.  2WS,  USAF  Academy.  CO  80940-5(88)  . 1 

UTTR/WE.  Hill  AFB,  UT  84056-5(88)  . 1 

AFOSR/NL,  Bolling  AFB.  DC  20332-5(88)  . 1 

AFCESA/WE,  Tyndall  AFB,  FL  32403-5000  . 1 
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TFWC/WE,  Nellis  AFB,  NV  89191  -5000  . 1 

AFTAC/WS.  Patrick  AFB.  FL  32925-5(KX)  . 1 

ESMC/WE,  Patrick  AFB,  FL  32925-5000  . 1 

WSMC/WE,  Vandenberg  AFB.  CA  93437-5000  . 1 

3350  TCHTCm'GU-W,  Stop  62,  Chanute  AFB,  IL  61868-5000  . 2 

3395  TCHTG/TTKO-W,  Keesler  AFB,  MS  39534-5000  . 2 

AFIT/CIR,  Wright-Patterson  AFB,  OH  45433-6583  . 1 


NAVCXTEANCOMDET,  Federal  Building,  Asheville,  NC  28801-2723  . 1 

NAV(X:EANC0MDET,  Patuxem  River  NAS,  MD  20670-5103  . 1 

NAVtXTEANCOMFAC,  NAS  North  Island,  San  Diego,  CA  92135-5130  . 1 

COMN  A VOCEANCOM,  Code  N3 1 2,  Stennis  Space  Ctr,  MS  39529-5000  . 1 

COMN  AV(X:EANC0M  (Capt  Brown,  Code  N332),  Stennis  Space  Ctr.  MS  39529-5001  . 1 

NAVtXTEANO  (Rusty  Russunt),  Stennis  Space  Cu,  MS  39522-5001  . I 

NAV(X:EAN0.  Code  9220  (Tony  Ortolano),  Stennis  Space  Ctr.  MS  39529-5001  . 1 

Maury  Oceanographic  Library  (NCXT),  Code  XJL,  Stennis  Space  Ctr,  MS  39529-5001  . I 

FLENUMOCEANCEN.  Monterey,  CA  93943-5006  . 1 

NOARL  West,  Monterey,  CA  93943-5(X)6  . I 

Naval  Research  Laboratory,  Code  4323,  Washington.  DC  20375  . 1 

Naval  Postgraduate  School,  Chmn,  Dept  of  Meteorology,  Code  63,  Monterey,  CA  93943-50(H) . 1 

Naval  Eastern  Oceanography  Ctr  (Clitn  Section),  U1 17  McCAdy  Bldg,  Norfolk  NAS,  Norfolk,  VA  23511-5000 . 1 

Naval  Western  Oceanography  Ctr,  Box  1 13,  Attn;  Tech  Library,  Pearl  Harbor,  HI  9686()-50(K)  . 1 

Naval  Oceanography  Command  Ctr,  COMNAVMAR  Box  12,  FPO  San  Francisco,  CA  96630-5000 . 1 

Naval  Oceanography  Command  Ctr,  Box  31,  USNAVSTA  FPO  New  York,  NY  09540-3000 . 1 

Pacific  Missile  Test  Center,  Geophysics  Division,  Code  3253,  Pt  Mugu,  CA  93042-5000  . 1 

HQ  NATO.  Staff  Meteorological  Officer,  IMS/OPS  APO  AE  (»724  . 1 

NOAA/MASC  Library  MC5,  325  Broadway,  Boulder,  CO  80303-3328  . 2 

OFCM,  Suite  9(K),  61)10  Executive  Blvd,  Rockville,  MD  20852  . 1 

NOAA  Library-EOC4WSC4,  Attn;  ACQ.  6009  Executive  Blvd,  Rockville,  MD  20852  . 1 

NOAA/NESDIS  (Attn;  Nancy  Everson,  E/RA22),  World  Weather  Bldg,  Rm  703,  Washington,  DC  20233  . I 

NOAA/NESDIS  (Attn;  Capt  Pereira.  E/SPI),  FB  #4.  Rm  0308.  Wa.shington,  DC  20233-0001  . 1 

NGDC,  NOAA,  Mail  Code  E/CiC4. 325  Broadway,  Boulder,  CO  80303-3328  . 1 

Armed  Forces  Medical  Intelligence  Agency,  Info  Sves  Div.,  Bldg  1607,  Ft  Detrick,  Frederick,  MD  21701-5004 . 1 

PL  OL-AA/SULLA,.Hanscom  AFB,  MA  01731-5000 . 1 

Atmospheric  Sciences  Laboratory  (SLCAS-AT-AB),  Aberdeen  Proving  Grounds,  MD  21005-5001  . 1 

Atmospheric  Sciences  Laboratory  (SLCAS-AS-1  310-2c),  White  Sands  Missile  Range,  NM  88002-5501  . 1 

TECOM  Atmos  Sci  Div,  AMSTE-TC-AA  (MacBlain),  White  Sands  Missile  Range,  NM  88(K)2-5504  . 1 

White  Sands  Met  Team,  AM.STE-TC-AM  (WS),  White  Sands  Mis.silc  Range,  NM  88002-5501  . 1 

Army  Missile  Command,  ATTN;  AMSM(-RD-TE-F,  Redstone  Arsenal,  AL  35898-5250  . I 

Army  Test  &  Eval  Cmd,  ATTN;  AMSTE-TC-AM  (RE)TCOM  Met  Team,  Redstone  Arsenal,  AL  35898-8052 . 1 

Commander  attd  Director,  U.S.  Army  CEETL,  Attn;  GL-AE,  Fort  Belvoir,  VA  22060-5546 . 1 

6510  TESTW/TSTL,  Edwards  AFB.  CA  93523-5000  . 1 

RL/DOVL,  Bldg  106,  Griffiss  AFB,  NY  13441-5700  . 1 

AFESC/RDXT,  Bldg  1 120,  Stop  21 ,  Tyndall  AFB,  FL  32403-5000  . 1 

Technical  Library,  Dugway  Proving  Ground,  Dugway,  UT  84022-5(X)0  . 1 

NWS  W/OSD.  Bldg  SSM  C-2  East- West  Hwy,  Silver  Spring.  MD  20910  . 1 

NCDC  Library  (D542X2).  Federal  Building.  Asheville.  NC  28801-2723  . I 

NIST  Pubs  Production,  Rm  A-405,  Admin  Bldg,  Gaithersburg,  MD  20899  . 1 

NASA-MSFC-ES44.  Attn;  Dale  Johnson,  Huntsville,  AL  35812-5000  . 1 


DTIC -FDAC,  Cameron  Station,  Alexandria,  VA  22304-6145  . 2 

AUL/LSE,  Maxwell  AFB,  AL  361 12-5564  . 1 

AWSTL.  Scott  AFB,  IL  62225-5438  . 35 


11 


